Heterozygous mutations of the homeobox genes ALX4 and MSX2 cause skull defects termed enlarged parietal foramina (PFM) and cranium bifidum (CB); a single MSX2 mutation has been documented in a unique craniosynostosis (CRS) family. However, the relative mutational contribution of these genes to PFM/CB and CRS is not known and information on genotype -phenotype correlations is incomplete. We analysed ALX4 and MSX2 in 11 new unrelated cases or families with PFM/CB, 181 cases of CRS, and a single family segregating a submicroscopic deletion of 11p11.2, including ALX4. We explored the correlations between skull defect size and age, gene, and mutation type, and reviewed additional phenotypic manifestations. Four PFM cases had mutations in either ALX4 or MSX2; including previous families, we have identified six ALX4 and six MSX2 mutations, accounting for 11/13 familial, but only 1/6 sporadic cases. The deletion family confirms the delineation of a mental retardation locus to within 1.1 Mb region of 11p11.2. Overall, no significant size difference was found between ALX4-and MSX2-related skull defects, but the ALX4 mutation p.R218Q tends to result in persistent CB and is associated with anatomical abnormalities of the posterior fossa. We conclude that PFM caused by mutations in ALX4 and MSX2 have a similar prevalence and are usually clinically indistinguishable. Mutation screening has a high pickup rate in PFM, especially in familial cases, but is not indicated in CRS.
Introduction
ALX4 and MSX2 encode homeodomain transcription factors that have evolved as pleiotropic developmental regulators in vertebrates. 1, 2 Their roles in skeletal patterning, differentiation, and growth are revealed in Alx4 À/À and Msx2 À/À mice, which display craniofacial (including skull defects), axial and appendicular abnormalities in their complex phenotypes. 3 -5 In humans, heterozygous loss-of-function mutations of either MSX2 or ALX4 can result in skull vault defects, characteristically in the form of enlarged parietal foramina (PFM). In MSX2, seven different intragenic mutations and one whole-gene deletion have been described. 6 -9 In ALX4, six distinct intragenic mutations have been reported; 10 -12 large deletions encompassing ALX4 define the proximal 11p deletion syndrome (P11pDS; also known as Potocki -Shaffer syndrome). 13 The mandatory features of this contiguous gene syndrome are PFM and multiple exostoses (caused by deletion of EXT2, which lies adjacent to ALX4); variable features include severe developmental delay, facial dysmorphism and structural brain abnormalities. 14 The dichotomous occurrence of either severe-profound mental retardation (MR) or normal intelligence indicates the existence of a single and specific MR locus on proximal 11p. A comparative genotype -phenotype analysis in P11pDS, relying on all published data at the time, proposed that the MR locus lies within either of two, approximately 1 Mb-long, intervals: D11S1355 -D11S903 (distal region) or D11S1361 -D11S1344 (proximal region). 13, 14 Recently, a new informative P11pDS case without MR was reported, and the deletion boundaries in a previously published P11pDS family were reassessed. 15 Together, these lines of evidence support exclusion of the distal interval. Typical PFM are bilateral oval or round openings in the parietal bones on either side of the posterior sagittal suture. 16 They are anatomically distinct from the normal, minute foramina that transmit anastomotic vessels, 17 and are caused by delayed ossification during rapid calvarial expansion. 4, 5 Frequently, PFM can be traced back to a central defect in infancy, extending between the anterior and posterior fontanelles; when this persists it is termed cranium bifidum (CB). However, a bony bridge usually develops along the midline axis, creating two separate foramina, which tend to decrease in size with age through circumferential bone growth ( Figure 1 ). Eventually complete closure may occur, leading to clinical nonpenetrance. Anatomically, these abnormalities contrast with craniosynostosis (CRS), the premature fusion of the cranial sutures; significantly, CRS (without PFM) was the consistent phenotype in a single family transmitting a heterozygous p.P148 H mutation of MSX2 that augments DNA binding. 18, 19 Although the causal link between ALX4 and MSX2 mutations and PFM/CB is established, several questions remain. It is unknown whether PFM due to ALX4 and MSX2 mutations are clinically distinguishable: we describe four novel PFM-causing mutations (two per gene) and investigate the relationship of PFM size with age, mutant gene, and mutation type from collated radiological and molecular data. Until recently, it was unclear whether any additional abnormalities are part of the clinical spectrum. In one of our families transmitting an intragenic ALX4 mutation there are vascular and cortical malformations of the brain similar to those previously observed in P11pDS, 20 and we describe PFM and thumb/hallux broadening in a three-generation family segregating an ALX4 mutation. The involvement of ALX4 and MSX2 mutations in CRS has not been systematically evaluated: here, we exclude intragenic mutations of either gene from a large disease cohort. Finally, we map the deletion in a P11pDS family without mental handicap, which provides independent confirmation that the MR locus resides in the proximal candidate region. 15 Subjects, materials, and methods
Patients
Clinical and laboratory investigations were conducted under research projects approved by the Central Oxford Research Ethics Committee. Our PFM panel consisted of 20 unrelated families/cases with an established diagnosis of PFM or CB, representing 14 familial (kindreds 1 -10, 12 -14, 18) and six apparently sporadic cases with either isolated or syndromic defects. Mutations had been previously ascertained in families 1 -9, while no molecular analysis has been reported in families 10 -20. In these 11 new families, we tested samples from 19 affected individuals: the six probands in sporadic cases, five members of family 10, the proband only in family 12, three members of family 13, and two members each of families 14 and 18. Radiological assessment was by plain X-ray, computed tomography (CT), or magnetic resonance imaging (MRI). No individuals had signs suggestive of CRS, and at least one affected member per family had a normal Gbanded karyotype. Clinical and molecular details for four families with intragenic ALX4 mutations (families 1 -4, family numbering preserved from the original report) have been published. 11 Families with previously reported MSX2 mutations are numbered 5 -7 (corresponding to families 1 -3, respectively, in the original report) 6 Families 10 -13, in which we found novel mutations in either ALX4 or MSX2, are previously unpublished. Familial PFM were ascertained in family 10 through three affected siblings. Additionally, they shared mild dysmorphic facial features (high forehead, narrow downturned palpebral fissures), high palate, tooth anomalies (dental malposition in one sibling, a single pair of upper incisors in the other two) and short, broad thumbs. PFM and broad thumbs were present in their father and paternal grandfather; the father also had a similar facial appearance. Microcephaly, present in two of the siblings, was also seen in their (PFMnegative) mother suggesting that this was a coincidental finding. Mental development was within normal limits in all affected individuals. No surgery had been performed.
The female proband in family 11 had a median skull defect in infancy that resolved into PFM during early childhood ( Figure 1) ; the large openings were covered with titanium mesh at the age of 5 years. There was no evidence of skull defects in her sister or in either parent, but only the father was assessed radiologically. The family declined further testing.
Family 12 included an affected father and son. The former had a large parietal bone defect closed by bone grafting. His son had an enlarged posterior fontanelle and had a similar surgical procedure before the age of 1 year. The family history was otherwise reportedly negative and no other abnormalities were observed.
The proband in family 13 was referred as an infant with swelling of the occipito-parietal area and was subsequently found to have typical PFM. She had no neurological problems, her developmental milestones were normal, and the defects were managed conservatively. A male sibling was noted to have similar parietal bone defects shortly after birth. He was otherwise well except for a small muscular ventricular septal defect and patent ductus arteriosus, also managed conservatively. The mother was noted to have bilateral indentations of both parietal areas. As she had been adopted as a child, no previous family history was available.
Of the remaining families investigated, two have been detailed in case reports F families 14 22 and 15. 23 In family 16, the proband and her mother had an undiagnosed skeletal dysplasia, and PFM were present only in the proband. The female proband in family 17 had PFM, widespread cutis aplasia of the scalp, and hypoplasia of the terminal digits, suggestive of Adams-Oliver syndrome. In family 18, PFM and unilateral foot hexadactyly were seen in the proband at birth, but a skull radiograph at the age of 7 months was normal; the father had delayed skull ossification and agenesis of the lower central incisors. In family 19, PFM with pulsation transmitted through the openings were noticed in the proband at the age of 9 months. In family 20, PFM and hair agenesis in the overlying skin were present in the proband. The CRS panel comprised 181 samples from patients with a diagnosis of either nonsyndromic or syndromic CRS in whom point mutations in the open reading frames of FGFR1, FGFR2, FGFR3, and TWIST1 had been excluded. 24, 25 Molecular analysis of ALX4 and MSX2 The coding regions of ALX4 and MSX2 were amplified using previously documented primer pairs. 6, 11 Samples from the new PFM families and the entire CRS panel were screened by denaturing high-performance liquid chromatography (DHPLC) on the WAVE DNA Fragment Analyser System (Transgenomic Ltd, Elancourt, France). Established conditions were employed for MSX2; 8 for ALX4, analyses were performed at 651C and 671C for exon 1, 631C and 651C for exons 2 and 3, and 651C for exon 4. Appropriate controls for the common polymorphisms were included. Selected exons (or, for negative DHPLC results for PFM samples, the coding parts of ALX4 and MSX2 in their entirety) were subjected to bidirectional DNA sequencing, using the BigDye terminator kit and an ABI PRISM 3100 sequencer (Applied Biosystems, Foster City, CA, USA). Traces were compared manually against genomic reference sequences (GenBank accession nos: AJ279074 -AJ279077 for ALX4; L22498 and L22499 for MSX2) and numbering of variants in ALX4 and MSX2 is based on the cDNA sequences under GenBank accession nos AJ404888 and D89377, respectively, starting from the initiation codons.
All mutations and the two rare variants of ALX4 in CRS were confirmed independently. In ALX4, the c.605T4G and c.620C4A substitutions create new restriction sites for NcoI and BfaI, respectively; the c.385_394del allele was detected by blot hybridisation with the oligonucleotide 5 0 -CGAGGCGCCCCCCGGACG-3 0 ; and c.314_325del was cloned into pGEM-T Easy (Promega Corporation, Madison, WI, USA) and sequenced. In MSX2, the c.417_418del and c.456_465dup alleles were confirmed by blot hybridisation using the oligonucleotides 5 0 -GAGGAAACAAGACCAATC-3 0 and 5 0 -CAGCTCCTCCCAGCTCCT-3 0 , respectively. Dosage analysis was performed in all point mutationnegative PFM cases, using the multiplex ligation-dependent probe amplification assay (MLPA), as implemented in the P080-craniofacial MLPA kit (MRC-Holland, Amsterdam, The Netherlands).
Statistical analysis
Age and relative defect size (combined transverse width of the single or paired skull defects as a fraction of maximum skull width, measured on postero-anterior skull radiographs), were tabulated for all subjects with characterised ALX4 and MSX2 mutations for whom skull X-rays were available or have been reproduced in the literature. 13,26 -29 We included an additional published family, 30 for which the original film was kindly provided by L Potocki and L Shaffer.
The data set comprised 35 individuals with ALX4 mutations from 11 families and 17 individuals with MSX2 mutations from seven families. Multiple measurements at different ages were averaged so that each individual was represented by a single measurement. To account for the negative correlation between PFM width and age, we employed analysis of covariance (ANCOVA) with age as the covariate. Grouping was per locus and, within ALX4, per mutation class; the homogeneity of variances was always tested.
P11pDS characterisation
Available members of family 9 were typed for 10 sequenceintegrated short tandem repeat (STR) loci on 11p11 -p12.
In telomere-to-centromere order, these were: D11S4173-D11S1330-D11S1279-D11S905-D11S903-D11S2095-(ALX4)-D11S2012-D11S4103-D11S554-D11S1361. Deletion characterisation was based on noninheritance of parental alleles and detection of heterozygosity. Fine delimitation of the centromeric breakpoint was by fluorescence in situ hybridisation (FISH) analysis, performed on metaphase spreads of lymphoblastoid cell lines according to standard protocols. The digoxygenin-labelled bacterial artificial chromosome (BAC) clones RPCI-11 58k22 (adjacent to D11S2012) and 193f22 (containing D11S4103) were used as probes. Positional information for genes and STRs was retrieved through Ensembl v.22 (http://www.ensembl.org).
Results
Identification of additional ALX4 and MSX2 mutations in PFM Screening of 11 families with PFM identified four heterozygous mutations, two each in ALX4 and MSX2. The ALX4 mutation c.620C4A (p.S207X) was identified in family 10: it was detected in all five affected individuals tested, who exhibited classical PFM, absent or malpositioned teeth, short and broad thumbs/halluces, and mild facial dysmorphism. A frameshifting deletion in ALX4, c.385_394del (predicting p.C129PfsX49), was found in the proband of family 11. The apparently unaffected parents declined testing. Both of the MSX2 mutations introduce frameshifts. A dinucleotide deletion, c.417_418del (predicting p.H139QfsX105), was detected in the father in family 12 and, presumably, had been transmitted to his affected son. A 10 bp duplication, c.456_465dup (predicting p.A156PfsX92), was found in family 13. The mutation was passed from the affected mother, who displayed isolated PFM, to her two children who both presented with a central parietal defect at birth. some of which may target transcripts for nonsensemediated decay, although this is less likely for the changes occurring within the second (and terminal) exon of MSX2. Focusing on the skull defects, a considerable number of cases have been documented both radiologically and molecularly, enabling analysis of phenotype -genotype correlation. An obvious question is whether there is a difference in severity between defects caused by ALX4 and MSX2 mutations. In Figure 2a the width of the defects, as a proportion of the skull width, is plotted in relation to age (data for ALX4 and MSX2 are shown separately). There is a significant negative correlation with age for mutations in either gene. To incorporate this age effect in the comparison of different mutation groups, we used analysis of covariance. Overall, no significant difference was found between ALX4 and MSX2 mutations (intragenic mutations and large deletions were combined in this analysis) (P ¼ 0.30). For ALX4, sufficient cases were available to enable an analysis by mutation type. We found no difference between large deletions and intragenic mutations, considered collectively (P ¼ 0.39). However, we noticed that subjects heterozygous for the p.R218Q substitution (present in seven individuals from two unrelated families) 11, 20, 32 displayed disproportionately wide defects; when this mutation was compared against all other intragenic mutations and deletions, a significant difference was observed (Po0.001) (Figure 2b) . A dominant-negative effect appears likely (see Discussion), however, since the analysis is post hoc, replication of these observations would be valuable. Apart from skull defects, certain other features appear to be causally associated with haploinsufficiency of ALX4 or MSX2. In affected members of family 4, previously shown to carry the p.R218Q ALX4 mutation, 11 neuroimaging demonstrated malformations of the posterior fossa, with polymicrogyria, wide spacing of the occipital lobes, persistence of the embryonic median prosencephalic vein with hypoplasia of the straight sinus, and high insertion of the tentorium cerebelli. 20 The presentations are similar to that previously observed in association with ALX4 deletions, 27, 33 providing evidence that this malformation is attributable to deficiency of ALX4 rather than to a contiguous gene. In family 10 a pattern of mild dysmorphism, dental abnormalities, and thumb broadeningreminiscent of subtle preaxial polydactyly -co-segregated with the ALX4 mutation. These features have not been reported previously.
Further delineation of P11pDS
We characterised in detail the submicroscopic deletion in a three-generation P11pDS family, exhibiting PFM and exostoses of the long bones. 21 None of eight affected individuals exhibited learning difficulties. STR typing defined the minimal region of hemizygosity as D11S1279 -D11S2012 and mapped the outer limits of the deletion at D11S4173 distally and D11S554 proximally. Segregation of D11S4103, which lies near the proximal breakpoint between D11S2012 and D11S554, was uninformative. FISH mapping with two BACs (see Methods) confirmed the deletion at D11S2012, but indicated normal dosage at D11S4103 (data not shown). Thus, the deleted segment is quite large (3.9 -4.5 Mb), but very eccentrically placed with respect to ALX4 (Figure 3 ). This event excludes a major MR locus for some distance telomeric to ALX4 (see Discussion).
Mutation analysis of ALX4 and MSX2 in CRS
To investigate the mutational contribution of MSX2 and ALX4 in CRS, our panel of undiagnosed patients was screened for sequence variants in the coding regions of the two genes. We found no uncommon variants in MSX2, but ascertained two heterozygous nonsynonymous changes in Figure 2 Comparison of the size of skull defects, expressed as fraction of maximum skull width, in different mutation classes. Annotated data sets are available as supplementary, internet-only material. (a) Intergenic ALX4 (n ¼ 35; 11 families) vs MSX2 (n ¼ 17; 7 families) comparison. The relative defect width decreases significantly with age in both groups (Po0.01). The slope coefficients for the linear regressions, reflecting the average ossification rate during postnatal life are À0.45 for ALX4 and À0.48 for MSX2. ANCOVA, using age as the covariate, returns P ¼ 0.30 supporting the null hypothesis of no difference (homogeneity of variances test: P ¼ 0.86). (b) ALX4 intragenic comparison between p.R218Q (n ¼ 7; 2 families) and all other point mutations and deletions (n ¼ 28; 9 families). As previously, there is a negative correlation with age (Po0.01), with slope coefficients À0.81 (p.R218Q) and À0.41 (all other mutations). ANCOVA rejects the null hypothesis of no difference: Po0.001 (homogeneity of variances test: P ¼ 0.14).
ALX4 (c.314_325del encoding p.P105_Q108del; and c.605T4G encoding p.L202W) of uncertain functional significance. Neither variant was found in a panel of 168 control chromosomes. The c.314_325del was also present in the patient's unaffected father, but parental samples were not available in the case of the p.L202W variant. Several other sequence variations in ALX4 and MSX2 were encountered, some of which have been documented previously; 6, 11, 36 these were considered to be nonpathogenic (Table 2) .
Discussion
Overall, we identified ALX4 or MSX2 mutations (six each) in 11/13 familial but only 1/6 sporadic PFM cases, suggesting that the two genes contribute approximately equally to the mutation spectrum. The difference in pickup rate between familial and sporadic cases is likely to reflect the relatively benign natural history of mutation-positive patients, enabling reproduction, and the higher frequency of complex/atypical manifestations in some of the sporadic cases that we analysed. Although we used DHPLC as our primary screening method, the large number of polymorphisms in ALX4 (Table 2 ) hampers this approach; instead, we recommend direct DNA sequencing. We analysed for small deletions using MLPA: although none was present in the mutation-negative cases (families 14 -20) , dosage analysis should be part of any testing strategy. Further genetic heterogeneity is also likely to exist, as linkage analysis of a single extended kindred has suggested a third PFM locus on 4q. 37 The skull defects in mutation-positive cases show relatively high, but not full penetrance, and their severity and presentation may vary. Age is an important determinant and our analysis modelled its effect (Figure 2a) . Nevertheless, residual variability and instances of nonpenetrance within families are compatible with the influence of genetic modifiers. In non-manifesting mutation carriers of either ALX4 or MSX2 mutations, we typed the reciprocal gene for coding variants (Table 2) , but failed to detect any difference compared to clinically affected individuals (data not shown). We did not find any significant inter-or intragenic difference, save for the p.R218Q substitution in ALX4 (Figure 2b ). Although haploinsufficiency is clearly the major genetic mechanism in PFM, the p.R218Q mutation may exert additional, dominant-negative effects. Previous in vitro binding assays on this variant suggested simple loss of function, 38 but these studies were conducted under artificial conditions and relied on a generic DNA target. DNA-independent homodimerisation has been demonstrated in vitro for the two other members of the Alx group, the CART1 and ALX3 proteins; 39, 40 in the case of CART1 this extended to dominant-negative interference. 39 In summary, despite the important biological differences between the ALX4 and MSX2 proteins, which belong to phylogenetically distant groups, 41 Mutations of ALX4 and MSX2 LA Mavrogiannis et al heterozygous mutations is surprisingly similar, and is usually benign. In particular, we note that all affected individuals in the two families transmitting the ALX4 p.R218Q mutation have been managed conservatively without significant problems, despite the persistently large skull defects. Invasive closure of the defects has been practised and advocated, 42 and certain patients in our series -with both ALX4 and MSX2 mutations -have had surgery. We advise careful weighting of the potential surgical complications (notably, graft failure and infection) against the benefits in the individual patient.
Although the most obvious impact of reduced dosage of ALX4 and MSX2 in humans is on skull vault growth, the posterior fossa abnormalities that have now been observed in association with both ALX4 20,27,33 and MSX2 29 mutations may also represent a shared defect that frequently goes unreported owing to the lack of brain imaging data. Alx4 and Msx2 are both expressed in the ectomeninx, the outer mesenchymal condensation around the neural tube that forms the common primordium of the calvarial bones and the dura; 43 independently, we detected Alx4 transcription in the falx cerebri. 44 The similarity of the dural and calvarial abnormalities consequent upon reduced expression of both ALX4 or MSX2 suggests that a comparable defect in patterning of the ectomeninx underlies both disorders. Some effects of ALX4 and MSX2 mutations may be genespecific. The dental and digital abnormalities observed in family 10 might represent ALX4-specific effects; Alx4 haploinsufficiency in the mouse is classically associated with polydactyly. 38 In the case of MSX2 mutations, proposed gene-specific effects have included abnormal clavicles, 8 scalp, 29 and dental defects. 6 Modelling defects of the clavicles may be underreported, but MSX2 mutations were not found in a study of Adams-Oliver syndrome (featuring scalp and, usually, accompanying skull defects), 36 and our further analysis of family 6 revealed discordance between the dental problems and the MSX2 mutation (data not shown). A review of all overlapping deletions in P11pDS was thought to have defined two potential critical regions for putative MR loci: D11S1355 -D11S903 or D11S1361 -D11S1344.
14 However, a recent study showed that a deletion event, crucial to the above conclusion, had been erroneously characterised, 13, 30 and also presented a new case, without MR, locating the MR locus between D11S554 -D11S1319 (Figure 3 ). 15 The P11pDS family detailed here enables us to confirm this mapping. The segment D11S1361 -D11S1344, being practically identical with D11S554 -D11S1319, is not included in the family 9 deletion and seems highly likely to harbour an MR locus. It contains relatively few genes and can, potentially, be refined further using a previously published case. 13 Candidate genes for haploinsufficiency effects in neurodevelopment include TSPAN18, producing a membrane-bound protein of the tetraspanin family; SYT13, specifying an atypical member of the synaptotagmin family; SLC35C1, encoding a GDP-fucose transporter; and PHF21A, producing a component of the BRAF-histone deacetylase complex. Finally, we investigated the role of ALX4 and MSX2 mutations in CRS. This study was prompted by the detection of a unique MSX2 mutation, p.P148 H, in a family with CRS 18 and the occasional occurrence of CRS in association with P11pDS. 13, 14 We encountered two ALX4
coding variants in single patients (out of 181 screened) that are not common polymorphisms. The p.P105_Q108del involves deletion of 4/15 amino acids in a stretch comprised entirely of proline and glutamine. Although it has been proposed that length variations in such repeats might influence craniofacial morphology, 45 the same deletion was present in the clinically unaffected father. The significance of the p.L202W substitution is uncertain as no other family members were available for analysis; however, in vertebrates this position is not fully conserved either in ALX4 orthologues or in its paralogues ALX3 and CART1, reducing the probability that it is pathogenic. Overall, our findings indicate that intragenic mutations of either gene are not common causes of CRS and are not worth screening for routinely. It remains a possibility that duplication of either gene might be associated with accelerated or enhanced calvarial ossification. This has been confirmed for MSX2, although the impact of such imbalance is variable; 46 in a case with a likely duplication of ALX4 there was no sign of CRS. 47, 48 
